This article presents results of geophysical analyses based on electrical imaging of slope mantles with pit-and-mound microtopography developed on the Rogowa Kopa hillslope in the Stołowe Mountains, SW Poland. The use of two dimensional electrical resistivity tomography (2D ERT) to non-invasive analyses of the hillslope microrelief allowed completing previous results of geomorphological and soil studies. The tomograms (inversion results) acquired across individual forms of treethrow pits and mounds can be interpreted according to regolith thickness and its wetness, but also smaller features such as relict and fresh tree root systems detected in the mounds. These features were compared to a general picture of geoelectrical resistivity measured in the main cross-section of the analyzed hillslope. The differences in slope cover characteristics observed on the tomograms confirm important role of the tree uprooting process in formation of some basic features of the regolith and soils, including their uneven redistribution across the hillslope.
Introduction
Geophysical methods effectively support geomorphological research (e.g. Migoń et al. 2010 . However, so far in the Sudety Mts. they have been applied rather rarely. In the region except the studies of deep geological structures, carried out for geological survey purposes, geophysical analyses in the form of electrical resistivity measurements were used for instance to recognise karst caverns in the Śnieżnik Massif and Krowiarki mountain range (Bieroński 1978) . In recent years the electrical resistivity tomography (ERT) has started to be used in geomorphological studies more frequently. This method, which combines advantages of electrical resistivity sounding and traversing, together with modern software used in post-processing of measuring data has been applied to detect for instance: -various forms developed due to the growth of ground ice within pit-bogs of the Karkonosze summit area (Dohnal et al. 1999) , -landslide hillslopes in the Kamienne Mts. (Migoń et al. 2010) , -complexity of the Sudetic Marginal Fault zone (Štěpančíková et al. 2011) , -characteristics of alluvial sediments (Kasprzak, Traczyk 2013 ).
However, the ERT method has not been used to characterize surficial forms of microrelief within forested hillslopes. Its application is very useful especially in the areas under strict nature conservation, where traditional methods of soil analyses that require making of soil pits and soil samples collection, are normally restricted by many regulations, and therefore practically difficult to achieve.
The aim of this study was to obtain new information about a pit-and-mound microtopography that developed on the forested hillslopes of Mt Rogowa Kopa (RK) in the Stołowe Mountains by using of the ERT method. Our results of the measurements and analyses complement the previous results of studies of morphological effects of the tree uprooting process in this area (Migoń et al. 2011 , Pawlik 2012 , Pawlik et al. 2013a . So far, geophysical researches of similar microrelief were based on the application of ground penetrating radar (GPR), and focused mainly on biomechanical functions of tree roots (Roering et al. 2010) . In this respect, the results bring new data and add to the discussion about processes and forms caused by biogenic agents (here predominantly trees), in terms of bioturbations of soils and biomechanical weathering of bedrock (see e.g., Phillips et al. 2008 , Gabet, Mudd 2010 .
Subject of the study
Tree uprooting is a biogeomorphological process that has been under considerable research at least since 1950s (e.g. Denny, Goodlett, 1956 ). However, its main and most important consequences were underlined in the early pedologic reports, and focused on forest soil properties (Shaler, 1891; Lutz, 1940) .
Treethrow pits and mounds are formed when tree is toppled and its root system, together with soil material attached to it, is uplifted and deposited on a slope surface (called windthrows -if caused by wind; wiatrowały, powały in Polish; Gerlach 1960 , Brzozowski 1966 , Kotarba 1970 , Klimaszewski 1981 , Faliński 1986 , Parzóch 2001 , Pawlik 2009 , Rojan 2010 . During their formation soil material from the root plates of fallen trees is a subject of degradation due to water erosion, rainsplash, gravitational processes, etc. Simultaneously, the tree trunk slowly decomposes. The process of decomposition can take ca. 60 years in case of beech (F. sylvatica) (Šamonil et al. 2009 ), or even up to 110 year in case of spruce (P. abies) (Zielonka, 2006; Bujoczek 2012) . Treethrow mound is normally formed in a place previously occupied by the root plate, whereas treethrow pit occupies a rooting zone of the uprooted tree. However, many additional configurations are possible as it was illustrated for instance by Langohr (1993) . When pit-and-mound assemblages cover a larger surface they form so called pit-and-mound microtopography/microrelief (e.g. Denny, Goodlett 1956). The microrelief is the most obvious example of surficial manifestation of soil and regolith bioturbations caused by root system of a fallen tree within forested hillslope domain, and it is directly attributed to the tree uprooting process (e.g., Šamonil et al. 2010 Šamonil et al. , Pawlik 2013 , and references cited therein). Trees are uprooted mainly due to the impact of strong winds of various types which in temperate forests happen for instance during windstorms -extra-tropical cyclones reaching hurricane velocity (e.g. Mitchell 2012 ). For example, in the Sudety Mts. such phenomena took place in January 2007 (the Kyrill windstorm), in January 2008 (the Paula windstorm) or in March 2008 (the Emma windstorm). Such "clustering of events" frequently takes place over Europe and has serious effects on many forested lands (Everham, Brokaw 1996) . 
Study area
The analyses were carried out on the southern slopes of Mt RK (790 m a.s.l.) in the Stołowe Mts. (Fig. 1 ). This area has been chosen due to its very well developed pit-andmound microrelief which is rather uncommon in managed forests. Such type of forest dominates in the Sudety Mts. and for this reason the study site represents a unique locality. The area is under strict environmental protection within the Stołowe Mountains National Park. Mt RK consists of two clearly contrasting relief components: -a flat deforested mountain top with residual sandstone blocks (Sawanna Łężycka), -steep (up to 35° of slope inclination) forested hillslopes (Parzóch, Migoń 2015) . The hillslopes are incised by the 1 st order streams that are tributaries of the Dańczówka River. This part of the Stołowe Mts. is built of calcareous mudstones of the Cretaceous age (Turon), with fine-grained rocks, so called "planar marls" (Rotnicka 1996) , which belong to the upper heterolithic series (Wojewoda et al. 2011) . Geomorphologically this part of the Stołowe Mts. belongs to the 2 nd morphostructural level (700-795 m a.s.l.), the most extensive within the entire massif (Pulinowa 1989 , Migoń 2008 . A blanket of the soil-weathering covers developed there on a bedrock built of marls and mudstones. Haplic Cambisols (eutric) dominates on such substrate; 50-100 cm deep, with a texture of silt loam and loam, in 0-25 and 25-50 cm horizon respectively (Kabała et al. 2002 (Kabała et al. , 2008 (Kabała et al. , 2011 .
Within the research polygon (2.3 ha in size), 82 pairs of the treethrow mounds and pits were mapped with average surface of 7 m 2 in case of mounds and 6.5 m 2 for pits. All the mapped forms cover 4.7% of the research site (Pawlik et al. 2013a ). The forest type was classified as fertile Sudetic beech stand (Dentario enneophyllidis-Fagetum typicum), with the average tree age reaching 80 years (Opis taksacyjny… 2009), but on the neighbouring hillslope single beech trees are even 180 years (Migoń et al. 2011 ). In the studied forest stand beech trees (F. sylvatica) constitute 60% and maple 40% of its species composition, with occasional single spruces (P. abies) and birches (Betula). In many cases trees bear traces of bending at their bases, which was interpreted as an effect of soil creep (Migoń et al. 2011; Pawlik et al. 2013a ).
Research methods and scope of the study
Two dimensional electrical resistivity tomography was conducted using ARES equipment (GF Instruments, Czech Republic). The measurements were based on detecting of potential differences in many dipole-dipole electrode arrays (two current electrodes C 1 , C 2 and two potential electrodes P 1 , P 2 ), that could be recorded in several dozens of electrodes connected by an active multicable and thus forming a sort of profile. Changes in the measuring electrodes were performed automatically. As a result, taking into account a geometric factor dependent on the applied electrode array and the length between electrodes, we obtained information about the apparent resistivity of the ground in many points, that formed several horizons under slope surface. The dipole-dipole array was chosen in order to detect more precisely a resistivity variability in the horizontal distribution as it gives more measuring points. This feature distinguishes it from other possible to apply systems, as for instance Wenner or Schlumberger electrode arrays (Loke 2000 , Milsom 2003 . According to this procedure we recorded one main and three shorter profiles. Through the main profile we aimed to recognize variability in the shallow ground characteristics across the entire analysed hillslope. The shorter profiles helped to detect regolith and soil features within the treethrow pairs, what required smaller unit electrode intervals. Therefore, the following measurements were conducted: 1. A profile in a cross-section of the entire hillslope (165 m in length, the unit electrode spacing of 3 m). This profile includes two hillslope sections characterized by different vegetation cover: 1) between 763 and 740 m a.s.l., part of the hilltop covered by meadow, 2) between 740 and 710 m a.s.l., a forested part of the hillslope (Fig. 1) ; 2. Three smaller sections with clearly distinguished forms of treethrow mounds and pits (from 15.5 to 23.5 m in length, the unit electrode spacing of 0.5 m) (Fig.  1) . In this case electrical resistivity was measured at different altitudes in order to obtain more data along the chosen lateral cross-section of the slope: in the upper part (within the forest-meadow boundary), in the middle, and in the lower parts of the hillslope (next to a stream channel, a tributary of the Dańczówka River).
The results were post-processed in order to receive their geophysical interpretation (inversion), using RES-2DINV software (Geotomo, Malaysia), and then two-dimensional resistivity models (tomograms). During the inversion the programme matches calculated response of the model to a given set of measurement data. The obtained resistivity model has been modified by iteration for reduction of differences between the model response and the measured values (Loke 2013) . Its graphical illustration (tomogram) was prepared with the use of logarithmic contour intervals in a colour scale. The data handling was prefaced by removal of points with undoubtedly erroneous values resulted from technical difficulties in the equipment functioning during field measurements, for instance due to a weak contact between electrodes and the ground (Manual for RES2DINV 2013) .
Results and discussion

Main geoelectrical features of bedrock
The inversion results (tomograms) of the main slope profile of the south-western hillslope of Mt RK show stratigraphic layers of bedrock in monoclinic configuration which differentiates geoelectrically (Fig. 2) . The bedrock outcrops of various rock types observed here (Fig. 2, c, d , e) imply the thickness of the weathering cover and, as we suppose, the dynamics of gravitational processes on the hillslope, due to the volume of soil-weathering material available for transportation. The differences visible in the thickness of weathering profile depend also on the position within the hillslope, and are strongly related to its convex lateral curvature. The soil-regolith cover is much thicker in the upper section, and thinner in a steeper part of the hillslope where a mudstone outcrop was recorded (Fig.  2, e) . The rock fragment (Fig. 2, b) can be interpreted as a residual part of bedrock (a block of mudstone or sandstone?, residuum of the 1 st morphostructural level?, almost completely eroded and visible on Mt RK hilltop only as scattered sandstone boulders, see discussion in Parzóch et al. 2009, and Parzóch and Migoń, 2015) . Within the slope cross-section thicker and wetter parts are also clearly distinguishable (e.g. section d, Fig. 2 ).
Detailed examination of the microrelief
Much shorter but more detailed profiles show variability in geoelectrical resistivity of the upper horizons of the slope covers (Fig. 3, 4 and 5). It can be seen that the treethrow mounds are forms of higher resistivity potential (Fig. 4 and 5) what is a consequence of their lower moisture content. The treethrow pits are above and in close proximity of the parts of the ground that were strongly disturbed, and therefore their geoelectrical features vary significantly. For instance, resistivity measurements in RK02 site show larger rock fragments which had been moved, and/or preserved remnants of tree root systems. Other interpretations of the detected differences in resistivity are less probable in this case, what was previously proved by detailed examination of their soil profiles (Pawlik et al. 2013b) . During this study, which was supported by soil analyses and geomorphological research methods, it was shown that RK02 is relatively younger than other forms. For instance, inside one of the mounds a buried tree trunk and relict humus horizon were discovered. In other pit-mound complexes only a buried humus horizon was found (RK03), but no remnants of wood of any type (trunk or roots) (RK01; Fig. 3 ). When compared with RK01 and RK03, resistivity in RK02 is at its highest scope (Fig. 4 and 6 ). This part of the slope, with visible thinner soil and regolith cover, can be correlated with the elevation level of 700-720 m above the sea, as shown on the main profile (Fig. 2) . In the case of RK01 (relatively oldest form) differences between the pits and mounds are not so distinctively detectable. Only the spots of higher resistivity at RK01 tomogram ( Fig. 3) indicate root zones of living and/or broken trees. We considered this form as fairly homogenized example of pit-mound pair with no traces of past pedoturbations within A or B horizons, which could be directly attributed to tree uprooting. RK03 pit-mound pair was formed in a place of the highest weathering cover thickness ( Fig. 5 and 6 ). It is in the lower part of the slope, where organo-mineral material derived from the upper part of the research polygon was accumulated. This section of the hillslope is much wetter when compared to other parts of the slope profile, and it is also characterised by the lowest values of electrical resistivity in almost entire cross-section. Such situation is in the largest contrast with RK02 profile (Fig. 6) . As a rule, tree root systems are very well visible within all analysed hillslope cross-sections. Additionally, within the lower mound at RK02 site remnants of the tree trunk and root systems were detected. Probably an analogous case is in the top part of the profile where soil pits had not been made, which is suggested by similar values of electrical resistivity in this part of the tomogram.
Final remarks and conclusions
ERT is a very useful and practical research tool for pitand-mound microtopography analyses, and is also used to study the features of shallow bedrock and soil-weathering mantles. It is especially important in places under strict protection, e.g., nature reserves where preparation of many soil pits is inadvisable. Thanks to the previous geomorphological and soil analyses in the Mt Rogowa Kopa we planned the geophysical research in such manner that it enabled us to verify the tomograms without additional preparation of new soil pits. The electrical resistivity tomograms allowed to make conclusions on the dynamics of surficial morphogenetic processes affecting weathering cover thickness and its redistribution. In this case, the process of tree uprooting (treethrow) caused uneven redis- 2) 1 -the upper part of the weathering layer with a higher electrical resistivity; 2 -the lower part of the weathering profile with a lower electrical resistivity; 3 -material of relatively high resistivity (dry); 4 -material of higher resistivity (rock fragments/root systems remnants); a -maple root system; b -treethrow pit; c -treethrow mound; d -beech tree root system tribution of soil material and regolith across a slope, and indirectly affected their physical properties e.g. moisture content. The original thickness of the weathering profile, mainly attributed to a character of bedrock and position within a slope, was modified by the process of tree uprooting.
In detail the main conclusions can be formulated as follows: 1. Differentiation of soil-weathering covers at Mt RK has increased due to the influence of tree uprooting, and it was analysed in a smaller scale of pit-mound assemblages through the application of the 2D ERT. 2. The treethrow mounds have higher resistivity due to lower moisture content, presence of tree trunk and root system remnants, and/or larger fragments of bedrock. 3. The treethrow pits have generally lower resistivity due to higher moisture content and accumulated thick layer of organic matter. 4. Due to a higher resistivity of the tree roots than the surrounding soil material, the 2D ERT is an appropriate method of tree root system extension detection. 
